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ABSTRACT 

This thesis reports sn sxpsrlmentsl study of ths nsturs of the 
tip clssrsncs flow in s modsrstsly losdsd compressor rotor. Unlike 
previous studies related to the tip lesksge flow, the measurements 
reportad here were taken inside the clearance between the annulua-wall 
casing and the rotor blade tip. These measurements were obtained 
using a stationary twc-senaor hot-wire probe in combination with an 
ensemble averaging t:;chnique. The flowfleld was surveyed at various 
radial locations and at ten axial locations, four of which were inside 
the blade passage in the clearance region and the remaining six 
outside the passage. Variations of the mean flow properties in the 
tangential and the radial directions at various axial locations were 
derived from the data. Variation of the leakage velocity at different 
axial stations aad the annulus-wall boundary layer profiles from 
p^ssage-ave :ag >d mean velocities were also estimated. Turbulence 
intensltv prof iles at the locations identical to those for the mean 
flow properties estimation were also derived from the data. The 
experiments were repeated at a different flow coefficient and reduced 
rotational speed in order to study the effect of the rotor speed and 
the blade loading on the leakage flow. The results indicate that 
there exists a region of strong Interaction of the leakage flow with 
the annulus-wall boundary layer at the half "chord location. The 
turbulence intensity profiles indicate that the leakage flow travels 
up to half the blade passage before rolling up at the design condi- 
tion. The rotor exit flow is found to be uniform beyond 3/4 blade 
chord downstream of the rotor trailing edge at the design condition. 
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Th« laakaga flow volocity at th« off-dealgn condition la lower than 
that at tha daalgn condition. Tha former le cauaed by reduced rotor 
epaed and reduced blade 1 adlng. A fairly regular behavior of tha 
flow at the half>chord locati jn la obaervad. Alao, the lower leakage 
velocity doea not deetroy the wake atructure completely aa obaervad In 
the velocity profllaa at the daalgn condition. A characterlatlc wake 
profile la obaervad even at 60 percant chord downatream I't the rotor 
trailing edge. 
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CHAPTER I 


INTRODUCTION 


1,1 Problm Rtltvnct 

The deelgn of energy efficient engines hee received considerable 
attention In recent years. Important gains In efficiency can be made 
by minimizing the aerodynamic losses In various components of the 
engine, especially In the compressor rotor which Is one of the least 
efficient components In the engine. Even marginal gains In efficiency 
flirough reduction of these losses could substantially reduce the fuel 
requirement for the engine. It Is well-known that the end- wall flow 
losses comprise a substantial proportion of the total losses, and a 
significant fraction of the end-wall losses Is attributed to the tip 
leakage flow and Its Interaction with the secondary flow, blade 
boundary layer, annulus-wall boundary layer and the scraping vortex. 
Further Improvements In design, performance and prediction of the 
flowfleld In this region demand a better understanding of the complex 
flow structure which results from these Interactions In the vicinity 
of the annulus-wall. 

Experimental Investigations related to the tip leakage flow have 
been limited to flowfleld measurements In straight cascades with tip 
clearance [1,2,3]. These studies, however, do not yield any Informa- 
tion regarding the effect of rotation and curvature on the tip leakage 
flow. On the other hand, flow visualization experiments [4,5,6] 
provide only qualitative Information regarding the flow. There have 
also been attempts to derive some Information on leakage flow Indirectly 
via flowfleld measurements downstream of the rotor [7,8] and Inside 
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th« passage near the tip region [9,10]. Due to limitations impoiad by 
measurement techniques, no meaaureffleiita were made In these studies 
beyond 96 percent of the blade span and Inside the clearance region. 
Thus, the need to study the flow in close proximity of the annulue- 
wall and Inside the tip clearance region becomes evident. 

1.2 Objectives and Scope of tl.e Investigation 

The present Investigation was carried out with the following 
objectives: 

(1) To measure the flow in the clp clearance region of a 
compressor rotor with special emphauls on the leakage flow development 
in the tip clearance region and at the exit of the rotor. Figure 1.1 
shows the region of flowfleld measurements. (This figure also shows 
the region of measurement reported In references [9,10]). 

(2) To develop a technique to measure the flowfleld In the 
clearance region with a two**sensor hob* wire probe. 

(3) To obtain the mean properties and the turbulence properties 
of the flowfleld In this region. 

(4) To understand the effect of rotation and blade loading on 
the leakage flow development and decay In the end-wall region. 

It is Important to note that with a two-sensor hot-wire probe, 
only the axial and the tangential components of the flowfleld properties 
are obtained. Near the end-wall the stieamllnes are expected to be 
almost parallel to the wall, and hence the radial velocity should be 
very small. But the turbulence Intensity In the radial direction would 
Introduce an error In the calculation of the axial and turbulence 
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Figure 1.1 Schematic of the End-Wall Region In Compressor Rotor 
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Intcnalties.* Tharcforc, the turbulence Inteneities reported In thla 
theele should be considered only quslltstlve In nature. However, in 
view of the fact that no flowfleld measurements are available in thla 
region, the levels of the turbulence intensities (though not the 
actual magnitude reported in the thesis) dc provide important informa- 
tion regarding the nature of interaction among the various flow 
structures present in the annulus-wall region. 

1.3 Previous Related Work 

The flow which passes through the clearance area between the 
blade tip and the annulua wall ia tented the tip leakage flow. One 
of the factors causing the tip leakage flow is the direct flow through 
the clrarance apace which remains undeflected by the blading and 
therefore is not available for doing work. Its magnitude depends 
upon the clearance height and the thickness and the profile of the 
annulus wall boundary layer. The second factor contributing to the 
tip leakage flow is the indirect flow due to the pressure difference 
between suction and pressure surfaces. 

The interaction of the tip leakage flow and the main flow in the 
blade passage has prompted many investigators to study its effect on 
the pressure dlatrlbutlon. Induced drag, outlet angles and separation 
on the blade surfaces. An intensive survey of the available litera- 
ture has been carried out by Lakshmlnarayana and Horlock [11] and by 
Reeder [12]. A brief accovnt of the important studies in this field 
is presented in the following two subsections. 

^Discussion on the error involved in the present investigation is 
included in Appendix A. 
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1.3.1 Aiwlytlcf»l Inv«atlg«tlon» 

Th« tip cl«ar«ncc flow modal davalopad by Raina [13] aatl- 
mataa tha laakaga flow valoclty. Thla modal la baaad on tha asaump- 
tlon that tha laakaga flow, raaultlng from tha praaaura dlffaranca 
ovar tha rotor, occura in an annulua of haight aqual to tha claaranca 
haight. Howavar, thia analyaia doaa not taka into account tha 
parturbatlon in tha flow at varioua apanwlaa locationa and claaranca 
tu chord ratio. Vavra [14] uaaa Raina* analyaia. To aatlmata tha 
drag coafficiant due to claaranca, Vavra asaumaa the loaa to be aqual 
to tha flux of kinetic energy aaaociatad with the laakaga flow normal 
to the blade and uaaa tha fact that tha praaaura dlatribution about a 
compraaaor blade la approximately triangular in ahapa. 

For a perfect fluid tha flow through a tip clearance can be 
conaldered equivalent to the flow through a alotted wing with the 
wall repreaented by the plane of aymmetry through the alot. The flow 
through a alotted wing haa been studied by many investigatora with 
the aaaumption of the lifting line theory where the circulation la 
ahed from the trailing edge as it drops to zero at the edges of the 
slot. Betz [15] has calculated the minimum Induced drag of a caacade 
of lifting lines with tip clearance. This analysis, however, is 
applicable only to fans tdiere the tip clearance is large and the blade 
aspect ratio is high. 

Based upon the theory developed by Betz, a modified lifting 
line approach has been proposed by Lakshmlnarayana [3]. This model 
assumes that the lift is uniform all along the span of the blade and 
only part of the bound vortex at the tip is shed off. The blade 
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pressura distribution* and tha Inducad drag pradlctad from this modal 
agraa with hla maaauramanta . A mora raallstlc flow modal is prasantad 
In tha aama study whara tha afCaet of solid body rotation in tha 
viscous cora of tha laakaga vortix is consldarad. 

Wu and Wu [16] can lad out an ordar of magnltuda analysis 
which raducas tha basic aquations to a aat of simpllflad aquations for 
both low and high Raynolds numbar. Tha analysis Is baaad on a staady 
ralatlva flow of a viscous Incomprasslbla fluid. Exprasslons for 
datarmluatlon of tha distributions of prassura and valoclty In tha 
claaranca spaca and tha mass flow across tha tip clearanca spaca wars 
datarmlnad. 

A prassura balancing model Is described by Nllda at al. [17] 
for estimating the flow rata through tha claaranca In an annular 
sector. A paraffietar-<>effectlve blade thickness — Is Introduced to 
account for the shape of the tip of the blade. This analysis for 
viscous fluid flows assumes that the flow is two-dimensional. Couetta- 
Polseullle flow velocity distribution la assumed In the annulus 
sector. 

1.3.2 Experimental Investigations 

The experimental investigations related to tna tip leakage 
flow fall under the following categories: 

(1) Flowfleld measurements In straight cascades 

(2) Measurements with a single isolated blade 

(3) Flow visualization studies 

(4) Efficiency measurements on the cob^^ressor as a 
function of tip clearance 

(5) Flowfleld measurements outside the clearance region 



Flowfltld nwaturwMnta In straight caacadas with tip claar- 
anca hava baan raportad by Daan [1], Lakshainarayana and Horlock (2] 
and Lakshainarayana [3]. As aantionad aarliar, it is not poaaibla to 
gat any Inforaatlon ragarding tha affact of rotation froa thaaa caocada 
tasts. Rotation has an appraciabla influanca on tha aagnituda of tha 
laakaga flow. 

In the axperiaantal study by Gearhart [18] a single blade 
with an andlaas bait to simulata the mc\flng-wall affact was used. 

Boyce at al. [19] hava used a single blade and a rotating disk to study 
tha flow in tha clearance region with aavaral kinds of casing treat- 
inants. Tha flow was visualized by injecting globules of neutral 
density in tha flow. Tha globules ware a mixture of dibutyl-phthalata 
and keroalna colored black for batter visualization. Straamlina 
patterns ware obtained from the movies taken at a very high spaed. 
Qualitative results from the flow visualization indicate the following: 

(1) The flow near the wall is mainly in the tangential 
direction. 

(2) The radial velocity is of an order of magnitude 
smaller than the tangential velocity. 

(3) The flow is essentially laminar. 

In the flow visualization study reported by Booth et al. [3], 
a water-table cascade with die injection was used to visualize the 
flow. The velocity and the direction of the leakage flow were deter- 
mined from the high speed photographs of the movement of dye clusters. 
The experimental observations suggested the following: 

(1) The leakage flow stream tubes appeared to be 
straight . 

(2) Application of the Bernaulll equation seemed to 
predict the local leakage velocity well. 
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(3) The flow angles obaarvad could ba cloaaly pradlctad 
(aasunlng tha conaarvation of tha tangential 
velocity) . 

Baaed on tha abo/a obaarvationa, Booth at al. have aug<jaatad a aiapla 
leakage flow lOLdal eimilar to tha modal developed by Raina [13). Tha 
leakage flow velocities calculated using this modal agree wall with 
tha axparlmantf except at tha leading edge and tha trailing edge where 
3-D affects are greatest. 

Several authors have reported efficiency measurements on 
compressors as a function of tip clearance. Fickert [21] reported 
that the peak efficiency dropped 3 percent when the radial clearance 
was increased from .020 inches to .040 inches. 

Lakshmlnarayana et al. [9,10] have reported the flowfield 
measurements inside the rotor passage as shown in Figure 1.1. Ev<»n 
though these studies do not provide Iviformation regarding the leakage 
flow inside the clearance region, they are extremely valuable in 
understanding the nature of interaction of the tip leakage flow as it 
moves radially downwards after leaving tne clearance passage with the 


main flow. 



CHAPTER II 


EXPERIMENTAL SET-UP, INSTRUMENTATION 
AND PROCEDURE 

Th« primary objactlva of th« axporlmanUl program vaa to obtain 
Information about tha Icakaga flow Inalda tha claaranca ration and tha 
rotor Inlat and axlt f Iowa In tha and-wall raglon. Tha axparlmanta 
vara conductad on tha axial 'low compraaaor facility locatad In tha 
turboraachlnary laboratory at Tha Pannaylvanla Stata Unlvaralty. Tha 
following aactlona Includa tha ralavant Information about tha compraaaor 
facility, Instrumantatlon and tha axparlmantal procadura> 

2.1 Axial Flow Compraaaor Facility 

A datallad description of tha compraaaor facility with data traua- 
mlsslon system for relative flow maaauramants In tha rotor blade 
passage Is given by Lakshmlnarayana [20J. A brief description of tha 
facility and Its operating characteristics are Included In this section. 

Figure 2.1 shows the compressor facility. Tha figure does not 
show the 3m X 1.5m x 3m wlre-raesh enclosure coated with 3.1mB thick 
foam which provides dust free entry of tha flow to tha aarodynamlcally 
designed Inlet. Tha nose-cone and tha Inlet are followed by Inlet 
guide vane which consists of 43 blades. 

The rotor consisting of 21 blades Is designed by Smith [21] and 
la follo«rad by tha stator row with 25 blades. The rotor Is driven by 
a 37.29 kw (50 h.p.) variable speed motor through a belt and pulley 
system. The motor Is driven by an eddy current drive and "Dynamic 
Adjusto Speed" control system. The speed of the motor can be varied 
from 175 to 1695 r.p.m. with accurate and precise control. 
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An «xi«l flow f«n which •ncblcii the operation of the coaipraaaor 
at dlffarant flow coafflclanta followa tha drive ayataa. At the rear 
aiul of tha facility, an aarodynaalcally daalgnad throttle, which la 
lined with nolaa attenuating lining, provldaa im additional control 
over tlM ataga operating charactarlatlca. 

Table 2.1 llata aoma of tha Important paraoMtara of tha compraaaor 
facility. Good peak afflclanclaa are exhibited by tha rotor. The 
parfonBanca curve of tha compraaaor la given In Flgura 2.2. Flguraa 
2.3 av. \ 2.4 ahow tha dlatrlbutlon of atatlc praaaura on tha blade 
aurfaca at 0 • 0.55 and " 0.60, raapactlvaly. Thaaa maaauramanta 
ware made by N. Sltaram. Tha charactarlatlca of tha flow antarlng 
tha compraaaor rotor era shown In Flgura 2.5. It ahowa the Man 
velocity and the turbulence Intensity profiles upatraam of tha rotor. 

Tha casing of tha compressor rotor has a 25cm x 15cm luclta 
window. Besides providing an easy accasa to tha rotor blades and tha 
hub for relative flow raaasuraMnt Instrumentation, It has provision 
for Maauramenta with a stationary probe. It has holaa a*: specific 
axial locations for inserting tha probe into tha flow. On two of Its 
sides, aluminum guides on which tha probe traversing mechanism can 
slide are provided. The probe traversing mechanism Is described In 
the next section. 

2.2 Probe Traversing Mechanism 

Figure 2.6b shows the probe traversing mechanism used In these 
experiments. It Is a simple mechanical device with a traverse 
accuracy of 1/1000 Inch. It consists of a steel block which has 
provision to hold probes of various diameters. This block can slide 
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Table 2.1 

Important Paramatora of tha Compraaaor Facility 


Rotor 

Hub/tlp ratio 

Outer diameter of the rotor 

0.5 

0.9398 m 

Rotor Blade Element at tha Tip (Modified NASA 65 

cn 

e 

e 

• 

Chord 

15.41 cma 

Spacing 

14.12 cma 

Thlcknaaa t/c 

0.051 

Stagger angle 

45.0" 

c 

1.32 

''Lo 


Blade Inlet angle 

63.6* 

Air Inlet angle 

57.2* 

Blade outlet angle 

42.0 

Air outlet angle 

51.4 

Rotor Drive Motor 
Power 
R.P.M. 

37.3 kw(50h.p.) 

175-1C95 


Auxiliary Fan 
Dlamatar 

Maximum praaaura rise 


0.9562 m 

12.7 erne of H2O 
at 18 m^/aac 
(38.000 cfm) 
volume flow rate 




Figure 2.2 Perfonaance Curve of the PSU Axial-Flov Conpressor 
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Fl'^ure 2.5 Inlet Velocity and Turbulence Profiles in the Tip Region 
Upstream of the Rotor (Z * -0.35) 
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(b) 

Probe Traverse 
Mechanism 


Figure 2.6 Two Sensor Hot Wire Probe and Probe Traverse Mechanism 
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on Cvo metal bars attached to the frame of the traversing device, A 
micrometer Is also attached to the frame. It holds one end of a 1/8 
Inch diameter metal rod, the other end of which touches the block 
which holds the probe. A downward movement of the micrometer pushes 
the probe downward by the same amount. Two springs which connect the 
probe holding block to the frame cause the upward movement of the 
probe when the micrometer Is moved upwards. 

2.3 Clearance Measurements 

2.3.1 Instrumentation 

Flowfleld measurements in the clearance region using a hot- 
wire probe require very accurate measurement of the clearance (accu- 
racy of the order of + 1/1000 Inch) so that the probe placed In the 
clearance Is not damaged by the rotating blades. Besides accuracy, 
another Important requirement of the clearance measuring Instrument 
Is a high frequency response. This requirement arises from the need 
to measure the clearance between the blade tip and the casing when 
the rotor Is rotating at a very high speed (approximately 1100 r.p.m.). 

A Fotonlc sensor satisfies both these requirements. Besides 
having the required accuracy. It has a constant frequency response up 
to 45 kHz. The details of the fotonlc sensor are Included In 
Appendix B. 

In static clearance measurements, the d.c. signal was 
measured by an HP model timer counter digital voltmeter with an accuracy 
of 1 millivolt. For dynamic measurements, a four channel Tektronix 
type RM561A oscilloscope displayed the Instantaneous output from the 
fotonlc sensor and tachometer pulse. 
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The traversing mechanism described In the previous section 
along with a proble holder was used to traverse the probe In the radial 
direction. 

2.3.2 Procedure and Technique 

The Fotonlc sensor is very sensitive to the finish of the 
surface from which the distance is measured. Since It was not possible 
to polish the tips of all the 21 blades exactly to the same level, 
static and dynamic clearance measurements were carried out for one 
blade at a time, and for each blade, the calibration was carried out 
afresh. 

The blade tip was polished so that 2 volts d.c. signal was 
obtained at the peak setting. The probe was made flush with the Inner 
surface of the window. This was done by placing a piece of aluminum 
plate having the same curvature ac the Inner surface of the window 
u;ider the hole and moving the sensor Inside the hole till It touched 
the aluminum plate. After removing the plate, the probe was moved till 
it touched the blade tip. (This was indicated by zero output from the 
probe.) The difference between the two settings gave the static clear- 
ance. 

For dynamic clearance measurement, the probe was positioned 
so that it was approximately in the middle of the linear sensing 
range. The output signal was observed on the oscilloscope when the 
compressor was running at the design conditions. The peak voltage 
was observed to remain constant which Indicated that there was no 
appreciable difference between the static and the dynamic clearance. 
This process was repeated for four blades, and in all the four cases. 
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there was no difference between the static and the dynamic clearances. 
Hence, only static clearance was measured for the remaining blades. 

2 . 4 Flowfleld Measurements 

Flowfleld measurements Inside the clearance region and the rotor 
exit flow measurements In the end-wall region were carried out using a 
stationary probe. The stationary probe technique adopted for the 
present Investigation was originally developed by Poncet and 
Lakshmlnarayana [22] for the study of three-dimensional nature of 
rotor wakes. This section Includes the discussion on the Instrumen- 
tation and experimental procedure. 

2.4.1 Two-Sensor Hot-Wire Probe 

The choice of the probe suitable for the flowfleld measure- 
ments In the clearance region was severely limited by the clearance 
height. Figure 2.6a shows the two-sensor hot-wire probe specially 
designed for these experiments. Unlike the conventional two-sensor 
hot-wire probe (x configuration) both the sensors are Ir the same plane 
in a "V" configuration. The probe sensors were made from copper coated 
tungsten wire. In order to reduce the probe Interference effects on 
sensors, only the middle third of each wire was etched with nitric 
acid to expose the tungsten wire to the flow. The length to diameter 
ratio for the sensors was 300. 

For all the measurements reported here, the probe was Introduced 
In the flowfleld through the holes made at several axial locations on 
the lucltv» window. Care was taken to avoid a sudden step (and thereby 
generation of eddies) at the location where the probe was Introduced. 
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As shown in Figure 2.7, the probe with 6-inch-long holder was encased 
in a hollow tube, and the cavity between the prongs and the tube was 
filled with Silastic 732RTV adhesive/ sealant which on drying provided 
a smooth surface flu5h with the inside wall of the casing. A small 
gap around the prongs allowed the movement of the probe inside the 
tube. 

The distance of the sensors irom the edge of the tube was 
adjusted to .05 inch very accurately under the microscope with the 
help of a calibrated eyepiece, and the setscrew on the tube was 
tightened. 

The sensors were calibrated separately using a low turbu- 
lence open jet calibration tunnel. 

2. A. 2 Data Acquisition System 

Figure 2.8 shows the schematic of the instrumentation for 
hot wire measurements. 

The sensors were connected to two DISA 55ML0 constant 
temperature anemometer xinits. The d.c. components of the anemometer 
signals were measured with an Integral digital voltmeter . The fluc- 
tuating components of these signals were amplified and recorded with 
SAVRE IV FM signal recorder/reproducer at the tape speed of 15 i.p.s. 

The r.p.m. of the rotor was monitored jy a photocell 
circuit which used a 60 slot calibrated disk mounted on the rotor 
shaft. The output of the photocell circuit was displayed on a digital 
counter. The photocell circuit also provided one sharp pulse for each 
revolution of the rotor. This pulse was also recorded along with the 
a.c. signals to identify a specific blade passage. 



22 


probe support 


outer tube 


set screw 


stopper 


2 


^ '7 


annulus wall 
silastic 

adhesive/sealant 

blade 


Ld Measurement Technique 


ORIGINAL PAGE IS 

OF POOR QUALITY 23 



Figure 2.8 Schematic of the Instrumentation for Hot Wire Measurements 
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The Inatantaneoua algnala from the anamomatar and tha pulaa 
were displayed on a Tektronix type 561A atoraga oacllloacopa. 

2.4.3 Procadura 

Ht^aaurementa wara takan at flva axial locationa for tip 
leakage flow and four locationa for rotor exit flow. Rotor inlet flow 
was maaaured at one location, 1/2 inch upatream of tha laading edge. 
The axial and the . adlal locations at which tha maaauramanta ware taken 
are listed in Table 2.2. Figure 2.9 also shows these locations. 

During leakage flow measurements for a given axial location, 
the probe was traversed as near the blade as poaslhle (0.020 inch away 
from the blade tip with minimum clearance) without damaging the probe. 
The probe was traversed at the interval of .005 inch away from the 
blade tip. The same procedure was repeated for the measurements at 
the off-design conditions. 

For the rotor exit flow measurements, in the region away 
from the wall where measurements were taken by Davlno [23], the prob ' 
was traversed at the interval of .025 inch. In the region very near 
the wall, the probe was traversed at the interval of .010 inch. 

Table 2.3 lists the various parameters at two operating 
conditions at which the measurements were carried out. 

2.5 Data Processing 

The analog signals were digitized using an HP 2100 ADC unit for 
some axial stations. For the rest of the axial stations, a DATEL ADC 
unit at the Applied Research Laboratory was used. In order to get an 
adequate number of points Inside the clearance region, the analog to 
digital conversion was carried out at tape reproduction speed 15/16 l.p.s. 
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Figure 2.9 Axial Stations of Measurement and Definitions of Y 
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Table 2.3 

Parameters at Design and Off 
Design Conditions 


Design Condition Off Design Condition 


1100 

-5.08 cm of H 2 O 
28.37 m/sec 
0.55 


930 

-4.356 cm of H 2 O 
26.28 m/sec 
0.60 


0.51 


0.375 
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A computer code which was originally developed by Reynolds and 
Lakshmi'narayana [24] to process three-sensor hot wire data was modified 
for tv'o-sensor data. This code was used to*. 

1. Convert digitized hot-wire signal to Instantaneous cooling 
velocity. 

2. Obtain Instantaneous flow velocities from cooling 
velocities using hot-wire equations. 

3. Obtain various mean and turbulent flow characteristics 
from the Instantaneous velocities. 

A detailed discussion of data processing procedure Is given by 
Reynolds and Lakshmlnarayana [24]. Various errors In hot-wire data 
aac data processing are discussed in Appendix A. 'fhe data Is corrected 
for some of these errors In the computer program discussed earlier. 


CHAPTER III 


INTERPRETATION AND DISCUSSION OF THE EXPERIMENTAL RESULTS 

AT DESIGN CONDITIONS 

Although the measurements were made at all the locations listed 
in Table 2 . 2 , the discussion in this chapter Is limited to four repre- 
sentative radial locations fov some selected axial stations at the 
design condition ((P " 0.55). In addition* the blade static pressure 
near the tip of the blade, the Inlet annulus-wall boundary layer 
profile, as well as the flow data below 4 percent of the span presented 
In reference [9], are extremely useful In the Interpretation of these 
results. 

3.1 Mean Properties of the Flovfleld 

3.1.1 Velocity Profiles and Angles Inside the Tip Clearance Region 
The variations of the mean axial velocity and the mean tan 

gential velocity in the stationary frame of reference V , and the rela- 

y 

tlve flow angle (0) for each of the axial stations at four different 

radial locations are shown In Figures 3. 1-3. 4 and 3.6(a,b,c). In these 

figures, the blade locations are marked by dotted lines on Y axis. 

Figure 2.9 also shows the blade locations on the Y axis for all the 

axial locations. The velocities W and are normalized by the local 

z a 

maximum axial velocity (W ) . Variations of (W„) ^ and (V^) 

z max z max 0 max 

with radial distance at each axial location Is shown in Figures 3. Id, 

3. 2d, 3.3d, 3.4d, and 3.6d. 

The decreasing trend In and V^ and the Increasing abso- 
lute value of relative flow angle 8 near Y ■ 0.7 in Figure 3.1 reflect 
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Figure 3.1 Variation of Mean Flow Properties at the Inlet 
of the Rotor (Z ■ -0.012) 
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the effect of the unsteady flowfleld due to the rotor on the Incoming 
flow upstream of the rotor. It Is Important, however, to note that 
chese variations are rather small in magnitude and that the flow 
closer to the wall shows greater degree of uniformity compared to 
that in the vicinity of the olade tip. The variation in the relative 
flow’ angle is less than 7". The variation of maximum velocity shows 
an unusual behavior, with a rapid Increase in velocity from r ■■ 0.15, 
beyond which the Increase is more gradual, r ■ 1.88 is well within 
the annulus-wall boundary layer profile as indicated in Figure 2 of 
reference [9]. 

At Z * 0.003, near the blade leading edge, the pressure 
difference across the blade is not large enough to induce a strong 
leakage flow. But, a noticeable dragging effect of the blade on the 
flow can be observed as evidenced by a considerable Increase in the 
tangential velocity. Variation of the mean axial velocity (Figure 3.2a) 
shows a peak near Y - 0.49. As it can be seen from this figure, a large 
change in takes place over a small distance approximately mid-way 
between the passage, indicating possible flow separation regions near 
the blade surfaces and the presence of scraping effect. Both of these 
effects tend to decrease the tangential velocity near the blade 
surfaces and increase it near the mid passage. The variation in the 
relative flow angle shows a trend similar to the incoming flow at 
Z -0.12. A dramatic decrease in the tangential velocity from the 
blade tip to the annulus-wall region is evident from Figure 3.2b. The 
radial variation of the maximum tangential velocity and the axial 
velocity at this location indicate a dramatic change from those at 
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Z • -0.12. The axial velocity profile at this location shows an 
Increase In axial velocity, but the tangential velocity distribution 
shows a large gradient near the annulus-wall, decreasing drastically 
beyond r 0.15. The maximum values of tangential and axial veloci- 
ties have Increased slightly from their Inlet values for r > 0.3. 

The flowfleld at Z - 0.5, shown In Figure 3.3, Is very com- 
plex. Such a behavior could result from the Interaction of the leakage 
flow with other features present In this region. These features may 
Include secondary flow, annulus-wall boundary layer, the rolling up 
of the leakage flow to form a vortex and the presence of a vortex 
generated by the scraping of ths annulus-wall boundary layer by the 
blade. Because the pressure difference across the blade at this 
station Is quite high, one might even expect a washing away of the 
boundary layer leading to the above complex flow behavior. 

The axial velocity profile at Z « 0.5 (Figure 3.3) shows low 
velocities on either side of the blade near the annulus-wall, while 
the velocities In the clearance region are quite high. This again 
may have been caused by the leakage flow which has a "blowing" effect 
on the annulus-wall boundary layer In this region. The axial veloci- 
ties near the blade tip are nearly uniform. The tangential velocity 
also shows a similar trend, with large values near the suction side of the 
blade near the annulus-wall. The blade motion augments the leakage 
flow and tends to move It farther away from the suction side. The low 
velocity region observed at Y ■ 0.85 for two radial locations near the 
annulus wall (r ■ 0.29, 0.12) may have been caused by the roll up of 
the leakage flow In this region. The tangential velocities In this 
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region are lower then those observed at Z - -0.003, an Indication that 
the flow In this region proceeds through the blade row from Z - 0,003 
to Z- 0.5 with a change In energy level or tangential momentum opposite 
that of the free stream. The relative flow angles show the usual 
trend with large angles near the annulus wall. The angle changes from 
Z - 0.003 to Z 0.5 are small. The maximum axial and tangential 
velocities shown In Flgt^re 3.3d at this location indicate very little 
change In radial variation of the maximum axial velocity from the 
previous axial location. The maximum tangential velocity Is decreased 
at most radial locations, with the exception of the blade tip region. 
The radial variation of both velocities Is found to be gradual. 

At Z 0.75, a clearly defined leakage flow can be seen from 
Figure 3.4. In Figure 3.4a, a sudden decrease In the mean axial 
velocity takes place just before the pressure side at Y ■ 0.20 over a 
very small distance. A similar trend in is also observed In Figure 
3.4b. Figure 3.4c shows a sudden Increase In the absolute value of 
the relative flow angle 3 In the same region. All the three facts 
together Indicate a very clearly defined leakage flow In this region. 
The significance of these features Is better explained In Figure 3.5, 
where a vector diagram of the flow velocities with and without the 
leakage flow Is shown. As It can be seen from this figure, the leak- 
age velocity which Is defined as the component of the relative velocity 
normal to the blade surface, tends to turn the flow away from the 
blade. This causes an increase In the absolute value of 3 and a 
decrease In the axial and the absolute tangential velocities. This 
trend is clear from Figure 3.4. 
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In Figure 3.4a, another peak In W occurs at Y ■ 0.70. A 

z 

olmilar peak In occurs at Y - 0.75 but a similar peak in 6 is not 
very clearly defined. This phenomenon ^lear'.y indicates the presence 
of the tip leakage vortex and scraping vortex. The roost Interesting 
feature of the flowfield at this axial location is that though the 
variations in W , and 6 ere comparatively very large for a particu- 

Z u 

lar radial location, the variation from one radial location to another 
is very small. All the non-dimensional 1 zed profiles nea^^y collapse 
into a single curve, indicating the similarity in the velocity profiles. 
It is thus clear that the leakage flow is the most predominant flow 
In the clearance region at this location. 

Figure 3.4d showing the variation of *nd 

indicates a gradual Increase in both the velocities away from the wall. 
A maximum occurs at approximately 57 percent of the clearance height 
from the wall. 

The flowfield at the next axial station at Z >■ 0.979 (Figure 
3.6) has features similar to the previous axial station but Is less 
pronounced. This may be due to a rather small blade pressure differ- 
ence and the fact that the thickness of the blade is quite small at 
this location and a clearly defined clearance region does not exist. 

The presence of a leakage vortex, characterized by low axial velocity 
and low tangential velocity is evident near the suction surface of the 
blade. The relative flow angles are also large In this region, indi- 
cating a large region of undertumlng. A defect in W is observed 
near y - 0.250 at 7 ■ 0.167 and may indicate the presence of a scraping 
vortex. The maximum axial and tangential velocities plotted in 



39 


ORIGINAL PAGE IS 
OF POOR QUALITY 





0.25 050 075. 1.00 

TANGENTIAL aSTANCE(Y) 


-54277| 



000 0 25 0.50 0.?t 1.00 

TANGENTIAL DISTANCE (Y) 

9348f 


»,00 0.25 0.50 0 75 1.00 

TANGENTIAL DISTANCE (Y) 





)00 0.15 0.29 0 44 0 58 

RADIAL DISTANCE (r) 


Figure 3.6 Variation of Mean Flow Properties at the 
Trailing Edge (Z « 0.979) 
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Figure 3.6 Indicate that these are subetanclally the eame as thoaa at 
Z ■ 0.75. The axial velocity variation acrosn the pasaage ahovs near 
uniform flow, axcept at the tip vortex region. Thla aeema to Indicate 
that the separated region observed near the auction side at Z ■> 0.75 
has been reduced. 

A comparison of Figures 3.3c, 3.4c and 3.6c shows that there 
Is 8 considerable variation of the relative flow angle with the radius. 
This seems to Indicate a large underturning of the flow near the 
annulus-wall . 

3.1.2 V elocity Profiles and Angles at the Exit of the Rotor 

Figures 3. 7-3.9 provide Information regarding the rotor exit 
flow. Figure 3.7 shows the variation of the mean properties at Z ■ 1 , 055 . 
From Figure 3.7a, It can be observed that the mean axial velocity 
variation shows a trend similar to that of a wake at the radial station 
very near the blade tip (t • 0.83). This wake profile Is marked by a 
minimum in the velocity at Y ■ 0.60. The wake width Is large. The 
blade wake may have moved towards the wall at the trailing region due 
to the radial outward transport Inside the blade boundary layer. The 
suction side again shows the presence of separated regions. At r <■ 

0.67 this wake seems to be spreading and Instead of a sharp minimum 
as observe^' at r ■ 0.83, the velocity shows a defect from Y "0.2 td 
0.55. However, both the defects In velocities are small. This Implies 
that there Is a strong interaction between the exit flow and the 
annulus-wall boundary layer. The presence of the leakage vortex is not 
evident at these two radial locations. Indicating radially do..-nward 
movement or dissipation of the vortex. At the last two radial stations 
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Figur* 3.7 Variation of Maan Flow Propartlaa at Z • 1.055 
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near the wall, (r ■ 0.47, 0.25) the mean axial velocity seems to be 

fairly uniform. Compared to the variations In the axial velocity at 

the trailing edge, W variations at this station are very small. 

z 

The variation of Vg in Figure 3.7b shows a uniform distribu- 
tion of velocity across the passage for all the radial locations. 
Variation of 3 also shows a similar behavior. The variations in 6 
from one radial location to the other are not very large (7"), indi- 
cating a uniform turning of the flow at all the radial locations. 

Figure 3.7d shows a very interesting feature. The maximum 
axial velocities are very high compared to the maximum tangential 
velocities at all the radial locations. There is a sudden Jump in 
the axial velocity from those measured at the previous axial station 
(trailing edge). This may be attributed co the absence of the blockage 
effect of the blade present inside the passage. 

The next axial location (Z - 1.179) was farther from the 
blade and it was possible to probe the flowfleld within 4 percent of 
the blade span from the tip. Consequently, it was possible to capture 
the details of the wake near the blade. Figure 3.8a shows that at 
r “ 2.5, the mean axial velocity has a defect between Y ■ 0.4 to Y ■■ 
0.7. A similar profile exists for r ■ 1.67. The actual variations 
in the velocity, however, are quite small indicating a rapid decay of 
the wake. At r ■ 0.67 the velocity remains uniform through most of the 
passage with a rapid increase at Y ■ 0.70. At r ■ 0.33, W is fairly 
uniform. 

Tangential velocity variations shown in Figure 3.8b indicate 
a fairly uniform flow at all the radial locations. The variation of 



Mq In radial direction Is not very large (6 percent) . The same Is 
true for 3 also. iTie maximum velocity variations shown in Figure 3.8b 
do not reveal any remarkable change in the behavior from the previous 
axial station except for the fact that the difference in the two velocity 
components is decreasing continuously. 

The measurements at the two subsequent axial stations (Z 
1.4A and 1.593) are not reported here as they indicated that the flow- 
field was becoming more or less uniform and reached near-equilibrium 
conditions. However, the tangential velocities were considerably 
smaller than the axial velocities at these locations. Figure 3.9 
shows that at Z 1.731, both the components of the velocity s.id the 
relative flow angle are uniform in the tangential direction and the 
difference between the two components of the velocity is very small. 

3.1.3 Leakage Velocity 

In the absence of any clearance between the rotor blade and 

the annulus-wall, the ' _ow should follow the blade contours near the 

blade surfaces and the velocity component in the direction normal to 

the blade should be zero. Any deviation of the flow from the blade 

contour in the tip clearance region will give rise to a component 

normal to the blade, which is termed as the leakage velocity in this 

report. A true representation of the leakage flow should take into 

account the normal component of the velocity at the inlet (W„ ) . Tlie 

No 

change in velocity triangle due to leakage flow is shown in Figure 3.5. 
Wjj is the leakage velocity in the terminology adopted in this report. 

Figure 3.10 shows the variation of the leakage velocity at 
the suction surface (W., - Wm ) in the radial direction for four axial 
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Figure 3.10 Variation of the Leakage Velocity at the Suction Surface 




47 


locations inside the 'passage. The velocities are normalized by the 
blade tip speed and the Inlet component Is also subtracted from the 
leakage velocity. At the leading edge the leakage velocity is very 
small which is in accordance with the fact that the pressure gradient 
across the blade is very small in this region. A considerable Jump in 
the leakage velocity at Z - 0.50 is due to the existence of a large 
pressure gradient across the blade. There Is no appreciable change in 
(Wjj - from Z - 0.50 to Z - 0.75. The leakage velocity at the 

trailing edge is larger than that at Z ■ 0.50 which does not seem to 
follow from the argument based on pressure gradient alone. This may 
result from the formation of the leakage vortex, and the consequent 
entralnmeni: by the vortex. It is also evident that the leakage veloci- 
ties are maximum away from the annulus- wall and the blade tip. A plot 
of these velocities (Figure 3.11) near the pressure surface shows a 
similar trend. 

3.1.4 Velocity Vector Plots 

Figures 3.12 and 3.13 show the relative velocity vectors In 
the z-9 plane at two different radii. At R « 0.3125, as indicated In 
Figure 3.12, the flow follows the blade contour at the leading edge. 
Implying the absence of any leakage flow. This agrees well with the 
expected trend. At Z ■> 0.5, the flow has turned towards the tangential 
direction giving rise to a substantial leakage velocity as shown In 
Figure 3.10. An abrupt change In the flow angle approximately at the 
middle of the passage can be attributed to the rolling of the leakage 
flow as discussed earlier and In reference [9]. At Z 0.75, a large 
change in the flow angle from the pressure surface to the suction 
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Figure 3.11 Variation of the Leakage Velocity at the Pressure Surface 
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Figure 3.12 Relative Velocity Vectors Inside the Clearance 
Region at R ■ .3125 
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Figure 3.13 Relative Velocity Vectors Inside the Clearance 
Region at R ■ .125 



51 


surface observed experimentally shows the effect of a predominant 
leakage flow In this region. A similar change Is evident at Z - 0.979. 
A similar vector diagram at R ■ 0.125 (Figure 3.13) shows all the 
features mentioned above but the main difference Is In the relative 
flow angle which Is more Inclined towards tangential direction at 
the radial location nearer to the annulus -wall. In both the cases, 
the flow near the wall Is nearly axlsymmetric at the exit, Indicating 
that the leakage flow and the vortex may have moved downward. 

3.1.5 Annulus-Wall Boundary Layer Profile 

The radial variation of the axial and absolute tangential 
velocities averaged over the passage at various axial locations Is 
plotted In Figure 3.14. These velocities are normalized by the blade 
tip speed. The annulus-wall boundary layer profile within the passage, 
from 4 percent span to 22 percent span la given In reference [9j. 

Figure 3.14 gives an overall picture of the boundary layer growth as 
the flow proceeds from the inlet to the rotor and then downstream, 
where the flow has become nearly uniform across the passage. 

At Z ■ -0.012, the radial gradient In velocity Is very sharp 
near the wall. This Indicates that the shear stresses In this region 
should be large. The tangential and axial velocities are of the same 
order of magnitude, even though the axial velocity is found to be 
nearly twice as much as the tangential velocity [9] in the free strean. 
As the flow approaches the leading edge (Z ■ 0.003), these large 
velocity gradients are reduced, both axial and tangential velocities 
Increase away from the wall. The axial velocity undergoes a dramatic 
change from Z ■ 0.003 to Z •• 0.5, with considerable reduction In Its 
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magnitude atmo8C radial locations. The tangential velocity profile 
undergoes a very snuill change from Z - 0.003 to Z ■ 0.5, Indicating 
little or no energy transfer from blade to blade flow. The effect of 
the leakage flow and its Interaction with the annulua-wall boundary 
layer can be clearly seen at Z •> 0.5. As indicated earlier, the 
boundary layer may be getting washed off by a strong leakage Jet 
resulting In such an unconventional boundary layer. The annulus-wall 
boundary layer profiles In the clearance region from Z ■ 0.75 to 0.979 
(Figure 3.14d,e) Indicate that the leakage flow has either reached an 
equilibrium stage or has moved downward along the radius, providing 
rather smooth profiles with very little variation from Z "> 0.75 to 
0.979, even though there is a slight increase In the axial velocity 
towards the trailing edge. 

A dramatic change occurs as the flow leaves the blade trail- 
ing edge. The axial velocity increases by almost 50 percent and 
tangential velocities decrease only slightly. The change in profile 
from trailing edge to Z ■ 1.731 indicates that the flow redistribution 
occurs continuously doimstream, even though the flrw is nearly uniform 
from blade to blade. 

3.2 Turbulence Properties of the Flowfield 

3.2.1 Turbulence Intensity Profiles 

Blade to bJade distributions of the axial and the tangential 
turbulence intensities at various radial and axial locations are shown 
in Figures 3.15-3.22. As with the mean velocity data, the blade loca- 
tions are marked by dotted lines on Y axis. Both the turbulence 
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Figure 3.15 Variation of Turbulence Intensities at the Inlet of the Rotor (Z = -0.012) 



CWWAL PAG.: /S 
^ POOP QUALITY 




(^1) ^i!SU9|ui 9oua|nqjnx |D|x\/ 


55 


Figure 3.1b Variation of Turbulence Intensities at the Leading Edge (Z - 0.003) 






Figure 3.17 Variation of Turbulence Intensities at 1/2 Chord (Z = 0.50) 
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Fig'ire 3.18 Variation of Turbulence Intensities at 3/4 Chord (Z = 0.75) 





Figure 3.19 Variation of Turbulence Intensities at the Trailing Edge (Z = 0.979 
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Figure 3.20 Variation of Turbulence Intensities at Z = 1.055 
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Figure 3.21 Variation of Turbulence Intensities at 
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Figure 3.22 Variation of Turbulence Intensities at 
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intensity components are normalized by local maximum total velocity 
since the turbulence is dependent upon the local flow conditions. The 
normalizing velocities are listed In Table 3.1. 

Figure 3.15(a,b) shows the axial and the tangential turbu*> 
lence Intensity profiles at the Inlet of the rotor. It is evident 
f.'om this figure that both the intensities Increase as the annulus-wall 
Is approached. The intensities have peaks at r ■ 0.375 and decrease by 
about 2 percent at r • 0.125 (0.01 innh away from the annulus-wall). 

The vel'^city gradients are hig.i near the wall because of the annulus- 
wall boundary layer which implies greater mixing. Hence higher turbu- 
lence Intensities near the annulus wall are expected. But as the 
viscous sublayer approaches » the turbulence intensities decrease 
considerably. This explains the slight decrease In the intensities 
at r * 0.125. Blade to blade variation of the axial and the tangential 
turbulence intensities show some effect of the unsteady flowfleld 
downstream, though the variation for a given radius Is less than 5 
percent . 

Figure 3.16(a,b) shows the variation of T and T^, at the 

z o 

leading edge. As suggested in the previous section, a noticeable 
dragging effect of the blade on the flow can be evidenced by a con- 
siderable Increase in the tange.itlal velocity. The drastic increase in 
the tangential turbulence Intensities supports the above conclusion. 
Also, the decrease in T^ near the blade surface and Its Increasing 
trend towards the middle of the passage supports the conclusions drawn 
from mean velocity profiles that the flow separates near the blade 

surface and the presence of the scraping effect. An Increase In T Is 

z 



64 


also observed at this station but this Increase Is quite small compared 

to the Increase in T^. It is interesting to note that the blade to 

blade distributions of both T and show a large variation at the 

z a 

radial locations close to the blade tip. But the radial stations close 
to the annulus-wall show more uniform distribution of and Tg though 
the level of intensities Is higher at these stations compared to the 
stations near the blade tip. This Implies that the effect of flow 
separaticu and dragging diminishes near the annulus-wall and the effect 
of the shear gradient due to the annulus-wall boundary layer Is pre- 
dominant in this region. 

Figure 3.?7(a,b) shows blade to blade variation of Tg and 
for four radial locutions at Z ■> 0.50. As discussed In tim case of 
mean velocity profiles, the flow at this axial station Is quite compli- 
cated. A very high level of Interaction of the leakage flow with the 
annulus-wall boundary layer, secondary flow, and the vortex generated 
by the scraping of the annulus-wall boundary layer Is Indicated by a 
very high level of turbulence Intensities In the tangential direction. 
In contrast to the flow behavior at the leading edge, the blade to 

blade distribution of X and at radial locations close to t!ie tip 

z u 

of the blade Is nearly uniform, while the two stations (r 0.29 and 

0.12) near the annulus-wall show large /ariauloas. The variation in Tg 

at r ■ 0.12 Is nearly 65 percent while at r > 0.29 It Is approximately 

55 percent. The T variation in both the cases Is about 20 percent. 

z 

This trend in the flow behavior indicates the presence of a strong 
leakage jet which washes away the annulus-wall boundary layer causing 
a very high level of mixing In the region close to the annulus-wall. 
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This Is in agreement w.^.th Che similar Inference derived from Che mean 
velocity data In Che previous section. 

For r - 0.29 and 0.12, Figure 3.17b Indicates a low turbu- 
lence region near r * 0.80, and on either side of this low turbulence 
region, Tg Increases. The vortex generated due to the rolling up of the 
leakage flow Is Indicated In this region. The vortex formation Is 
closer to the pressure surface of the blade. The pressure difference 
across Che blade pressure side and suction side Is very high at Z ■ 
0.05, hence the lerkage flow velocity Is expected to be high. A high 
leakage velocity Is further augmented by the blade rotation. Hence, 
as pointed out above, the leakage flow should travel further away 
from the suction surface before ro1 ling up. However, it should be noted 
here that only the axial and tangential components of the mean velocity 
and the turbulence Intensities are Insufficient to predict the exact 
nature of the Interaction among the various flows present In the end- 
wall region and the exact nature of mixing. Additional Information 
on the variations of the radial component of the mean velocity, the 
radial turbulence Intensity and the correlation of the turbulence 
Intensities is needed for interpreting the above data In further 
detail. 

Variations of T and T^ at Z ■ 0.75 are shown a Figure 
z o 

3.18(a,b). A well defined behavior of the flow Inside the tip clear- 
ance Is evident from this figure. As It can be seen from this figure, 

there Is a sudden decrease In both T and Ta Inside the tip clear. ^nce 

zb 

region. The narrow passage formed between the blade tip and the 
annulus wall tends to channelize the leakage flow which results In 


reduced turbulence intensities. 
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The blade to blade distribution of Tq as shovm in Figure 
3.18b is very siniilar to that of Vq/(W ) shovm in Figure 3.4b. It 

shows a peak at y " 0.75 for all the radial locations after which Tg 
starts decreasing. This clearly indicates the presence of a vortex 
due to rolling up of the leakage flow or scraping of the boundary 
layer. Tlie variation of mean axial velocity W /(W ) Is also In 
agreement with the Tg variation. The local minims In ^ 2 ^ 

Y > 0.75 corresponds to the maxima In Tg at that location for all the 
radial stations. 

Figure 3.18a shows a local minima near r ■ 0.70 for all the 
four radial locations. This, accompanied with the radial velocity 
distribution, should indicate the presence of rolling vortex. However, 
the radial velocity measurements are not available In this region, 
making it difficult to interpret the data completely. 

Comparing the T 0 and T^ distributions at this location of 
interesting feature of the flowfleld can be observed. In the case of 
T 0 distribution the four curves at different radial stations nearly 
overlap each other, while the T^ distribution for different radial 
locations shows four distinct curv's though the profiles are similar. 

It can be inferred from this behavior that in the tangential direction 
the leakage flow is very prominent and the effect of the annulus-wall 
boundary layer on the turbulence Intensities is very weak. But in the 
axial direction the effect of the annulus-wall boundary layer is noticeable 
in the form of Increasing intensity towards the annulus wall. 

The axial turbulence intensity shows a decrease of about 20 
percent from the previous axial station at Z » 0.5. The decrease in 
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the tangential turbulence Intensity Is very large Indicating a 
stabilized leakage flow. 

Tg distribution at Z ■ 0. 979 as shovm in Figure 3.19b is very 
similar to that at Z - 0.75. One noticeable difference la In the 
location and magnitude of the local maxima which Is smaller and has 
shifted slightly towards the suction surface. Since the pressure 
drop across the blade Is very small, 1 1 > leakage flow starts rolling 
up closer to the auction surface as indicated by the position of the 
local maxima in T.. T distribution, as Illustrated In Figure 3.19a, 

V Z 

shows a peak near the pressure side of the blade and then decreases con- 
tinuously till the middle of the passage and then Increases again. 

There Is no appreciable difference In the level of Tg and from that 
at Z « 0.75. 

The flow at the exic of the rotor In close proximity of the 
annulus-wall is characterized by low turbulence in the tangential 
direction. Figure 3.20(a,b) shows Tg and T^ distribution at Z - 1.055. 
The tangential turbulence Intensity distribution in Figure 3.20b Is 

almost uniform for all the radial locations. Also, the T. values are 

y 

very much lower than those at the last station Inside the rotor 

passage. The leakage flow effects vanish very rapidly outside the 

passage. Figure 3.20a shows that T decreases near the blade surface 

z 

and Increases towards the middle of the passage for two radial loca- 
tions near the blade tip while the stations closer to the wall show 
more or less uniform mixing. The turbulence characteristics of the 
flow at Z 1.179 as shown In Figure 3.21(a,b) are very similar to 


those at Z ■ 1.055. 
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At Z ■ 1.440 and Z •* 1.593, the blade to blade varlatlona of 

Tq and T are almoat uniform at all the radial locatlona. But the T. 
y z z 

component la nearly twice as large aa the T 0 component at Z 1.440. 

The trend tovarda achieving iaotropic flow condition ia reflected in 
the slowly decreasing axial turbulence intensity level. At Z • 1.73 
(Figure 3.22) both the components of the turbulence intenaitles are of 
the same order and the blade to blade variation of those components ia 
nearly uniform at all the radial locations. The turbulence intensities 
vary from 3 percent to 8.5 percent. 

3.2.2 Iso-Turbulence Intensity Contours in the Z-0 Plane 

The contours of equal Intensicles in the clearance region at 
R “ 0.3125 and R = 0.125 are shown in Figures 3.23-3.26. Figures 3.23 
and 3.24 show the iso-contours for axial turbulence intensity. The 
overall level of l arbulence is slightly higher at R ■ 0.125 than that 
at R • 0.3125. In both cases peak intensities occur slightly away from 
the suction surface at Z ■ 0.50. Figures 3.25 and 3.26 show the iso- 
contours for tangential turbulence intensity for the same radial loca- 
tions mentioned above. It can be observed from these figures that 
maximum flow interaction takes place in the tangential direction. Over 
a small axial distance from Z -0.012 t;p Z ■ 0.003, a rapid change 
in the tangential turbulence Intensity level is observed at R - 0.3125 
as shown in Figure 3.26. Two pockets of high intensity are observed 
at approximately 1/3 and 2/3 of the passage near the leading edge. At 
R ■ 0.125 a similar rapid increase from Z ■ -0.012 to Z “ 0.003 is 
observed but two small regions of high intensity are absent. At Z ■ 0.5 
an overall increase in the level of turbulence intensities is observed. 
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Figure 3.23 Iso-ConUours for Axial Turbulence Intensity at R - 0.3125 
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Figure 3.24 Iso-Contours for Axial Turbulence Intensity at R » 0.125 
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Figure 3.26 Iso-Contours for Tangential Turbulence Intensity 
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As explained earlier in this chapter, maximum leakage velocities and 
high level of mixing occur at Z * 0.5. At R - 0.125, peak Intensities 
occur slightly away from the suction surface while at R ■ 0.3125 
peak Intensity level Is observed inside the clearance region. At 
Z " 0.75, the low level of Intensities inside the clearance region are in 
accordance with the earlier conclusion of the flow becoming almost 
laminar Inside the clearance region. 

The level of turbulence decreases as soon as the flow leaves 
the rotor passage. 



CHAPTER IV 


INTERPRETATION AND DISCUSSION OF THE EXPERIMENTAL RESULTS 
AT OFF-DESIGN CONDITION 

Rotational motion of the compressor rotor Is one of the factors 
that affect the leakage flow and the flow structure In the vicinity of 
the annulus-wall. The leakage flow Is augmented by the rotation In 
the case of a compressor rotor. The rotation also Induces centrifugal 
and corlollls forces which generate a spanwlse flow In the blade 
boundary layer. This spanwlse flow affects the leakage flow and Its 
Interaction with other flows in the annulus-wall region. Therefore, 
all the measurements reported In Chapter III were repeated at reduced 
r.p.m. in order to gain an understanding of the effect of rotation on 
the leakage flow development and Its interaction with other flow 
etructures. However, changing the r.p.m. change!? the loading on the 
blade. Blade loading is another Important parameteir which affects the 
leakage flow. With the data presented here, it is not possible to 
isolate the effect of one parameter from that of the other. But the 
blade loading effect Is anticipated to be a major reason for the 
changes obferved. 'Die blade loading was decreased in this case from 
p * 0.51 to tp “ 0.375. 

4 . 1 Mean Flow Properties 

Flowfleld measurements were carried out at all the stations listed 
In Table 2.2 but the results at only those stations where the flowfleld 
behavior differs significantly from the behavior at the design condition 
are presented and discussed In this section. 
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4.1,1 Velocity Profiles and Angles Inside the Tip Clearance 
Region 

Figures 4.1, 4.2 and 4.3 show the variations of the mean flow 
properties at the Inlet of the rotor, .at half chord and at 3/4 chord, 
respectively. The notations and the conventions followed are the same 
as those followed In Chapter III for the flow properties at design 
condition. The static pressure distributions on the blade surface at 
(J) - 0.55 and (|i - 0.60 (measur<aments were carried out by N. Sltaram) 
shown In Figures 2.3 and 2.4 are also \ery useful In Interpreting the 
results presented here. 

It Is clear from Figure 4.1(a,b,c) that the flow entering 
the compressor rotor Is almost uniform. The axial velocity distribu- 
tion shown in Figure 4.1a shows a sllglit nonuniformity for r - 0.375 
and 0.125. However, the actual magnitude of these fluctuations Is 
only 7 percent and for all practical purpoeeti the rotor Inlet flow 
can be considered uniform. As shown In Figure 3.1, at design condi- 
tion, the flow entering the rotor is distinctly affected by the 
unsteady flowfield dovtistr*. am, though the perturbations are not very 
large. The absence of the effects of the unsteady flowfield propa- 
gating upstream at a higher flow coefficient and reduced r.p.m. may 
be attributed to the reduced loading on the rotor. 

The major deviation in the flow properties at off-design 
condition can be observed in the relative magnitudes of the tangential 
velocities in stationary frame of reference. Comparing Figures 4.1b 
and 3.1b, it is evident that Vq is considerably higher than at the 
off-design condition, while at desigr* condition Vg and are approxi- 
mately the same order of magnitude. A similar trend in the radial 
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Figure 4.1a Variation of Mean Axial Velocity (Z = -0.012) 
at Off-Design Condition 
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Figure 4.1b Variation of Mean Tangential Velocity (Z « -0.012) 
at Off-Design Condition 
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variations of (W_) and (V.) (Figure 4. id) Is also observed, 
z max 0 max 

The magnitude of the relative flow angle 3 Is slightly higher than that 
observed at the design condition for all the radial locations. 

The variations in W^, Vq and 6 near the leading edge are very 
similar to those exhibited at the design condition. The only differ- 
ence is in the relative magnitude of the tangential velocity which Is 
considerably higher than the axial velocity. Since the Incoming flow 
is highly skewed, such a behavior is expected. 

Figure 4.2 shows the mean flow properties at Z * 0.50. From 
Figure 4.2a it is obvious that the flow Is more stabilized than the 
flow observed from Figure 3.3a. At r ” 0.625, the radial station 
closest to the blade tip, a well behaved leakage flow Is Indicated by 
a decrease in the axial velocity. This effect Is absent at the radial 
otatlons away from the blade tip. As explained In Chapter III, the 
low velocity regions and a sudden variation in the velocity at the 
design condition is probably due to the flow separation. In the 
present case, the velocities and the blade loading are lower than the 
cr ri .'spondlng values at the design condition and hence the flow 
separation manifested by erratic changes in the axial velocity is 
absent. Variations in as shown in Figure 4.2b also Indicate a 

U 

decrease in the tangential velocity inside the clearance region at r " 

0.625. Figure 4.2c shows that blade to blade variation of 3 at r ■ 

0.125, 0.3125 and 0.5 is uniform. Comparing Figure 4.2c with Figure 

3.3c it is obvious that the flow underturaing is much higher at the 

off-design condition. Such a large underturning can be attributed to 

the highly skewed incoming flow. The magnitudes of (W ) and 

z 
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Figure A. 2a Variation of Mean Axial Velocity (Z ■ 0.50) 
at Off-Design Condition 
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Figure 4. 2d Variation of Maximum Axial and Tangential Velocities 
(Z - 0.50) at Off-Design Condition 
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(V' ) shovm in Figure 4. 2d are considerably lower than those shown 
0 icax 

in Figure 3.3d. 

The regular behavior of the flow at this station in com- 
parison with the flow behavior at the design condition can also be 
explained in terms of the pressure distribution. Figure 2.3 and 2.4 
show pressure distribution on the blade surface at various radial 
locations for (p " 0.55 and <(> ■ 0.60, respectively. Considering the 
region between Z 0.4 and Z 0.5 in both these figures, it can be 
observed that at the rndlal locations far away from the blade tip, the 
loading at 0.55 is higher than that at - 0.60. But near the 
blade tip the loading at ()) ■> 0.55 is lower than that at ■ 0.60. High 
leakage velocities produce vortex due to rolling up of the leakage flow 
and intt.rsc inuei">''tlon with annulus-wall boundary layer. Because of 
this the flow behavior is highly irregular at design condition. In 
the case of off-design condition, though the loading is reduced, the 
retained loading a.t the tip is higher than that at design condition. 
Hence, low leakage velocities are indicated which explain the regular 
flow behavior observed in Figure 4.2. 

The flow behavior at Z 0.75 and Z > 0.979 are very similar 
at both the flow coefficients. Figure 4.3 shows the variation of mean 
properties at Z - 0.75. One interesting feature of the flow can be 
observed in Figure 4.3b. Unlike the Vq variation at design condition, 
where a clearly defined minimum in the velocity is observed at 2/3 of 
the passage width away from the suction surface (Figure 3.6b), no such 
clearly defined peaks and d^!^s in the velocity are observed except in 
the tip clearance. This indicates the absence of rolling vortex. Low 
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leal'Age velocities due to **3duced loading and lower r.p.m. do not per- 
mlt the leakage flow to travel far away from the auction surface. 
Instead, it merely diffuses in the mainstream. The number of samples used 
for ensemble averaging was much smaller in the case of data at r * 

0.16. Hence, the curves for r » 0.16 do not overlap the curves for 
other three radii. 

4.1.2 Velocity Profiles and Angleo at the Exit of the Rotor 

The rotor exit flow at the off-design condition shows a con- 
siderable deviation from the flow at design condition. Figure 4.4 
shows the variations in V^ and 6 at Z 1.055. The Interesting 
features of the flow are observed in Figure 4.4a showing variation. 

At r ■ 0.83 and 0.42 the variation in is only 4 percent. At r - 

0.67 the variation in W is about 8.1, and it shows a dip in the 

z 

velocity near the blade. However, the variation is very small and the 
flow can be considered almost uniform for r ■ 0.83, 0.67 and 0.42, 

But at r 0.25 a distinct wake-like profile is observed. It can be 
Inferred that the leakage flow interaction is very high in the region 
near the blade tip. Hence, the wake structure is completely destroyed. 
At r 0.25 the leakage flow influence is not felt, since the flow nas 
a tendency to move radially downward and a wake-like profile (the flow 
has not moved over a solid surface) is observed. In the case of design 
condition data at this station, the radial locations closer to the blade 
tip showed a wake-like profile while the stations close to thv^ annulus- 
wall Indicated a region of Intense interaction among the leakage flow 
and annulus-wall boundary layer and the wake. Since the leakage 
velocities are considerably higher, due to higher loading, further 


UEAN AXIAL VELOCITY ^ 

0.B37 O.B1S 1.000 

0.87S 0.058 


91 


ORIGINAL FAGK 43 
OF POOR QUALITY 



0.23 0.73 

0.00 0.30 1.00 

TANGENTIAL DISTANCE Y 


Figure 4.4a Variation of Mean Axial Velocity (Z - 1.055) 
at Off-Design Condition 
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Figure 4.4b Variation of Mean Tangential Velocity (Z • 1.055) 
at Off-Design Condition 
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augoMinead by hlghar r.p.m. , tha laakaga flow movaa farthar away from 

tha blada at tha aama radial location bafora rolling downwarda. 

Hanca, tha waka la complataly daatroyad In tha raglon vary cloaa to tha 

wall. At off-daalgn condltlona, tha laakaga flow la waak and atarca 

rolling up and moving downwarda aa ooon aa It laavaa tha rotor paaaago. 

Hanca» tha valoclty profllaa at tha radial locations naar tha blada 

tip Indlcata tha raglon of Intanaa flow Intaractlon. 

At Z ■ 1.179, 1.440 and 1.593, tha varlatlona of W ahow 

z 

charactarlatlc waka profllaa (Flguraa 4.5, 4.6, 4.7) for all tha radial 

locatlona with tha waka apraadlng aa tha radial locatlona gat cloaar 

to tha annulua-wull. At tha daalgn condition, tha flow waa found to 

be uniform at all thaao atatlona. A strong laakaga flow iL tha daalgn 

condition complataly deatroya tha waka atructura. At reduced loading 

((p - 0.60) tha leakage flow la comparatively weak which aimply dlffuaea 

In the main atraam, and the charactarlatlca of the rotor waka are 

preserved aa Indicated In Figures 4.5, 4.6 and 4.7. 

The flow at Z " 1.731 Is almost uniform with the maximum 

variation of 7 percent In W . However, there Is a considerable differ** 

z 

ence In the two components of the velocities. 

4.1.3 Leakage Velocity Profiles 

Figure 4.8 shows the variation of the leakage velocity at 

the suction surface (n„ - ) for four axial stations Inside the 

N Njj 

rotor passage. As expected, the leakage velocities are suiaiicr than 
the leakage velocities at design conditions. There Is a sudden 
Increase In the leakage velocities from Z ■ 0.003 to Z ■ 0.5, after 
which the velocities show a decreasing trend towards the trailing edge 
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of the blade. A similar behavior Is shown by the leakage velocities 
at the pressure surface (Figure 4.9). 

4.1.4 Velocity Vector Plots .tnd Boundary Layer Development 

Figures 4.10 and 4.11 show the relative velocity vectors In 
z-0 plane at P. " 0.3125 and R ■ 0.125, respectively. These figures 
present an overall picture of the flow in the clearance region. In 
comparison with similar plots at design condition, the flow at the 
inlet of the rotor is slightly more underturned for both the radii. At 
Z ■ 0.003, the velocity vectors don't follow the blade contour as 
observed in Figures 3.12 and 3.13. A large under turning of the flow 
at Z * 0.50 is observed. The flow is almost along the tangential 
direction at both the radii. At Z •• 0.75 the underturning has reduced 
considerably for R 0.3125. The magnitude of the velocity vectors is 
smaller than that at the design conditions. 

The radial variation of the axial and the absolute tangential 
velocities averaged over the passage at various axial locations is 
plotted in Figure 4.12. The main difference in the boundary layer 
development at <f> " 0.60 is observed in the boundary layer at the inlet. 
V^ is considerably larger than W^, and the boundary layer Is highly 
skewed. At 0.55 both the components of the velocity in the 
incoming boundary layer are approximately of the same order. The 
effect of the skewed boundary layer entering the rotor passage is 
propagated downstream and can be observed in terms of a very high level 
of Vg at Z ■ 0.003 and 0.5. As the flow leaves the rotor passage a 
continuous redistribution of energy takes place, and at Z - 1.731, 
where the flow is almost uniform, the annulus-wall boundary layer has 
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Figure 4.9 Variation of the Leakage Velocity at Pressure 
Surface at Off-Design Condition 
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Figure 4.10 Relative Velocity Vectors Inside the Clearance 
Region (R » 0.3125) at Off-Design Condition 


102 






105 


achieved the same order of skewness as observed In the Incoming bound- 
ary layer. 

4.2 Turbulence Properties 

The turbulence intensity profiles at off-design condition arc 
shown in Figures 4.13-4.15. Both T^ and T^ are normalized with respect 
to the local maximum total velocity. The normalizing velocities at 
various axial and radial stations are listed in Table 4.1. Measure- 
ments were: taken at all the stations listed in Table 2.2, but only the 
turbulence intensity profiles which significantly differed from those 
at the design condition are Included in the thesis. 

The turbulence intensity profiles at the inlet to the rotor and at 
the axial location near the leading edge Inside the rotor passage 
(figures net included here) show very little blade to blade variation 
in the intensities. But, the level of Tg is higher than that at the 
design condition. 

Figure 4.13 shows the variation of T and T^ at the mid-chord 
location. It can be observed from Figure 4.13(a,b'^ that at r • 0.57 
the turbulence intensities T and T„ decrease in the clearance region. 

Z W 

The level of Tg continues to decrease up to a short distance away from 
suction surface of *he blade and then Increases gradually. This region 
near Y ■■ 0.29 indicates the rolling up of the leakage flow as soon as 
it leaves the tip clearance passage. However, the vortex indicated 
here is very weak. These results support tne conclusion drawn from 
the mean velocities that the leakage flow does not travel as far as it 
does at design condition before rolling up. It can also be observed 
that the level of turbulence intensities at r » 0.46, 0.29 and 0.12 is 
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Figure 4.13b Variation of Tangential Turbulence Intensity 
(Z “ 0.50) at Off-Design Condition 
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Figure 4.14b Variation of Tangential Turbulence Intensity 
(Z - 0.75) at Off-Design Condition 
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Figure 4.15b Variation Tangential Turbulence Intensity 
(Z - 0.979) at Off-Dealgn Condition 
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the velocities are noroalized by the blade tip speed (150 ft/sec). 
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very high. Due to the high velocity gradient in the annulus-wall 
boundary layer, mixing la high near the wall and hence the turbulence 
Intensities are expected to be high. But the very high level indi- 
cated from these results may be because of the error Involved in the 
estimation of the turbulence Intensities. it was assumed that the 
turbulence Intensity In the radial direction is small compared to the 
mean velocities in the axial and the tangential directions. Table 4,1 
shows thot the maximum total velocities at these stations are V'sry 
small which implies that the axial and the tangential components of 
these velocities are also very small. It Is likely that the fluctua- 
tions in the radial direction are comparable to the fluctuations in 
the other two orthogonal directions which will introduce error in the 
estimation of and as discussed in Appendix A. 

Figu..e 4.14(a,b) shows the and T 0 variations at Z - 0.75. It 

indicates a sudden decrease in the turbulence intensities across the 
blade implying that the flow becomes almost laminar inside the tip 
clearance. A similar behavior can be observed at Z * 0.979 as shown 
in Figure 4.15. An interesting feature of the flow at Z - 0.75 
and 0.979 is that the intensities increase suddenly near the pressure 
surface before the marked decrease across the blade takes place. This 
may be due to the scraping effect on the annulus-wall boundary layer 
or because of the blade boundary layer interaction with the leakage 
flow and the annulus-wall boundary layer. 

The blade to blade variation at the exit of the rotor is almost 
uniform at all the stations. The maximum variation for a given radius 
is less than 5 percent. Hence, the figures are not included. An 
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overall picture of the level of turbulence intensities at these 
stations can be obtained from the iso-contours of the tangential, the 
axial turbulence intensities, shown in Figures 4.16-4.19. 
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Figure 4.18 Iso-Contours for Tangential Turbulence Intensity 
(R - 0.125) at Off-Design Condition 








CHAPTER V 


SUMMARY AND CONCLUSIONS 


5.1 Conclusions 

The following conclusions can be drawn fiom the detailed measure* 
ments carried out inside the tip clearance region of the rotor passage 
as well as the exit, at the design condition. 

1. llie flow very near the leading edge shows the usual features 
of annulus-wall boundary layer, with perturbations caused by the 
scraping effect. 

2. The presence and interaction of the leakage flow, annulus-wall 
boundary layer, and the scraping vortex Is the dominant feature at mid- 
chord position. The rotation of the blade augments the leakage flow 
resulting In the movement of the leakage Jet towards the mid passage. 
This feature Is observed from the measurement. 

3. The blade to blade distribution of properties Is highly non- 
uniform, except in the downstream and upstream regions. 

4. The leakage flow has developed considerably at 75 percent 
chord length. Leakage flow Is the mc3t predominant feature at this 
location, and the rolling up of the leakage flow to fona a vortex takes 
place approximately midway between the passage. The flow at the 
trailing edge shows a similar trend. The measurements Indicate the 
presence of separated regions near the suction side at mid-chord and 
the trailing edge locations. 

5. A marked Increase In the axial velocity and a considerable 
decrease in the tangential velocity characterizes the flow leaving the 
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rotor blade passage in the r.nnulus-wall region. A weak wake profile 
In the axial velocity Is observed near the blade tip but It rapidly 
decays as the flow approaches the annulus-wall. 

6. A rapid decay of the wake profile takes place In the axial 
direction downstream of the blade and the flow becomes nearly uniform 
after 20 percent of the chord downstream of the rotor. A large differ- 
ence between the values of the two components of the velocity still 
exlits beyond 20 percent chord downstream. A continuous redistribution 
of th« flow takes place up to 75 percent of the chord downstream where 
both the components of the velocity are found to be the same order of 
magnitude. 

7. Leakage velocity derived from the data shous that it la very 
small at the leading edge and Increases at mid-chord. At 75 percent 
chord the leakage velocity Is slightly less than that at mid-chord but 
It Is maximum at the trailing edge. 

8. The vector plot Indicates that the flow Is underturned in most 
regions Inside the passage. This under turning decreases drastically 
as the flow leaves the blade trailing edge. 

9. The annulus-wall boundary layer profile, based on the passage 
averaged mean velocity, indicates substantial changes In the mid-chord 
and the exit regions. 

10. The turbulence intensities Increase towards the annulus-wall 
becau ti the mean velocity gradients are high near the wall. 

11. The turbulence Intensity profiles at Z - 0.003 Indicate the 
dragging effect of the blade on the flow. The flow separation near 

the blade surface and the presence of the blade boundary layer scraping 
are also evident from these profiles. 
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12. The high level of the turbulence Intensities at Z-0.50 Indi- 
cates a strong Interaction of the leakage flow with the annulus-wall 
boundary layer, the secondary flow and the vortex generated by the 

s( r wiping of the annulus-wall boundary layer. 

13. Both, the mean velocity profiles and the turbulence Intensity 
distribution at Z ■ 0.50 Indicate the presence of a strong Isakage 
flow jet which wasl ss away the annulus-wall boundary layer completely 
causing a very high level of mixing near the annulus-wall. 

14. At Z 0.75 and 0.979, the turbulence Intensities drop suddenly 
in the tip clearance region. The leakage flow tends to becoming laminar 
in the clearance region at these locations. 

15. The flow at the exit of the rotor Is characterized by low 
turbulence In the tangential direction. A continuous redistribution 
of energy takes place up to 70 percent chord downstream of the rotor 
trailing edge where the turbulence Is Isotropic. 

The results obtained from the experimental data at off -design 
condition Indicate the following: 

a. At the reduced loading and r.p.m., the effect of the unsteady 
flowfleld due to the compressor rotor does not propagate upstream of 
the rotor. 

b. As a result of the reduction In r.p.m. and the decreased 
loi.'dlng the annulus-wall boundary layer entering the rotor is highly 
skewed. The effect of the skewed boundary layer propagates up to 70 
percent chord downstream of the rotor. 

c. The leakage velocities are reduced at all the axial locations. 


The effect of reduced leakage velocity Is reflected In more regular 
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flow behavior compared to the flow behavior at the dealgn condition 
at the mid-chord location. 

d. The leakage Jeta at (Z ■ 0.50, 0.75) are not atrong enough 
to travel up to the mid-paaaage before rolling up. They either roll 
up near the auction aurface or merely diffuae in the malnatream. 

e. At the rotor exit, characterlatic wake prof ilea are obaervad 
up to 60 percent chord downatream of the trailing edge. The leakage 
flow is not atrong enough to destroy the wake atructure as it does in 
the experiments at the design condition. 

g. The velocity vector plots indicate that over the entire 
region of measurejnent, the flow is more underturned compared to the 
underturning of the flow at the dealgn condition. 

5 . 2 Limitationa of the Present Investigation and Suggestions for 

Future Work 

All the flowfleld measurements reported in the thesis were carried 
out using a two-sensor hot-wire probe, which presented a severe limi- 
tation. It is not possible to measure the radial component of the 
velocity with a two-sensor hot wire probe. Also, the radial component 
of the turbulence Intensity introduces a large error in the calculation 
of the axial and the tangential components. Further, the clearance 
height is so small that neither m inclined wire probe nor three- 
sensor probe could be used. Also, it was not possible to measure the 
flowfleld very close to the blade tip. 

Another major drawback of these experiments was the difficulty In 
locating the exact position of the blade with respect to the pulse 
signal from the photocell. The hot-wire anemometer signals and the 
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tachometer pulee clgnal are recorded at the eame time, but they paae 
through different electronic clrculte. A time lag of 0.4 micro seconda 
in auch circuit ia not uncommon which may mean the displacement of one 
of the signals by almost 1/8 of the passage width. 

The only way to overcome these limitations is to use a non* invasive 
flow measurement technique such as laser doppler velocimetry. 

In order to gain fuller understanding of the results presented in 
this thesis, static pressure measurements on the annulus-wall and the 
flow visualization may be very useful. 
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APPENDIX A 

EXPERIMENTAL ERROR ANALYSIS 

The errors involved In hot-wire probe measurements fall under 
three categories: probe errors, instrumentation errors and mechanical 

errors. A detailed discussion of th'^se errors is given by Anand [25]. 
Only the major sources of the errors particular to the present inves- 
tigation are discussed briefly. 

In the case of measurements with two-sensor hot-wire probe in 
close proximity of the annulus-wall, the following sources of error 
may occur. 

1. Inclination of the wire to the flow streamline (deviation 
from cosine law). 

2. Finite distance between the wires (spatial resolution 
of the probe) . 

3. Finite dimensions of the individual wires. 

4. Thermal inertia of the wires. 

5. Aging, oxidation and contamination of the wires. 

6. Ambient temperature drift. 

7. Proximity of wire to the wall. 

8. The radial component of the mean velocity and the 

> turbulence intensity in the radial direction. 

The errors due to the deviation from cosine law and the drift in 
the ambient temperature are eliminated using correction factors from 
available hot-wire literature. The probe and sensor errors are 
minimized by proper selection of the probe dimensions, support needles 
and sensors. The effect of the wall proximity was taken care of while 
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calibrating the probe. As discussed by Anand (25], a linear Interpo- 
lation scheme can be used to eliminate the errors due to spatial 
resolution of the probe. 

The major sources contributing to the errors In the present 
Investigation are the radial components of the mean velocity and the 
turbulence Intensity. These errors could not be eliminated. An 
estimation of the errors in thr calculation of the mean velocities and 
the Lurbulence Intensities in the axial and the tangential directions 
is given here. 

It is Important to note that for the flow entering tho compressor 
rotor, the turbulence Is isotropic. Inside the rotor passage In the 
clearance region, mixing Is very high In the tangential direction due 
to the leakage flow. Hence, the turbulence Intensities In the 
tangential direction are expected to be higher than those In the 
axial and the tangential directions. The intensities In the axial 
and the radial directions are assumed to be of the same order of 
magnitude. Therefore, the error Involved In the calculation of T 

z 

and W will be larger than that in the calculation of T and V . 

z 0 9 

Errors In the calculation of T and W are estimated and the errors 

z z 

In T 0 and Vq will always be smaller than or equal to these errors. 

The total velocity sensed by the wire normal to the axial 
direction Is given by 




wz 


Kz ■ 

W - (W + w > (1 + 

WZ z z W 4v 

z z 
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Expanding the right hand side of the above equation, we get 


«« - <"z + "z> + 1 <W^ * - i <r^>‘ * • 


.1 


Z z z z 


z z 


neglecting the 4 order anJ. other higher order terms 


w (w + w,)[i + 4 ( .j- —- ) + ~ + — - - - --x] 

wz ' z z 2 'W_+w_ 2 . v2" 

z z z r (w -Hrf ) 

z z 


(i) 


It is reasonable to assume that in the clearance region, the mean 
radial velocity is not higher than 10 percent of the total velocity in 
the axial direction. Hence 


W 


W +w 
z z 


• 0.1 


(il) 


Also assuming that w and v are of the same order of magnitude, 

r z 


w ^ w 
r z 


(iii) 


Substituting (il) and (ill) in (1), we get 
W’ - (W + w ) (1 + .005 + 4 

MZ ZZ 2 




. °-l<"z^V . 
<l-^z''“z> 


- 1.055 W, + 1.055 w, 
z z 

If the radial components of the mean velocity and the turbulence 
Intensity are assumed to be negligible 


W 

wz 


W + w. 
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Hence, the errors In the mean axial velocity and the axial 
velocity and the axial turbulence intensity are approximate!/ 5.5 
percent when the axial turbulence intenetty ia 30 percent. 
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APPENDIX B 

FOTONIC SENSOR SPECIFICATIONS 

The Fotonlc sensor (Model KD-45A) used for the clearance measure- 
ments was manufactured by MTI Instruments Division. It Is an optical 
device consisting of a probe, a remote cartridge, a control unit and 
a power supply unit. The probe and the remote cartridge contain fiber 
optic light guides consisting of thousands of precisely aligned glass 
fibers. This device can also be used for the surface reflectivity 
measurements of the engine components which are not easily accessible 
hence the probel dimensions are very small. The probe Is 3 cms long 
and has a diameter of 2 mm. 

The calibration curve for the clearance measurements Is shown In 
Figure Bl. The variation of the output voltage (percent of the 
maximum output voltage) versus the clearance In thousandths of an 
Inch Is plotted. The output Increases from 0 to 100 percent as the 
clearance Increases from 0 to 10 thousandth of an Inch. As the 
clearance Increases beyond 10 thousandths of an Inch, the output 
gradually drops down. The maximum output voltage Is 2 volts. 

The frequency response of the probe Is shown In Figure B2. As 
It can be observed from this figure, the frequency response Is constant 
up to 40 kilo cycles per second. 


131 



(s;toa 0‘3»%00T) 3nd^no % 


for the Fotonlc 




Figure B.2 Frequency Response for the Fotonlc Sensor 


